A prothrombotic state is one of the hallmarks of advanced cancer. Results: B-Raf(V600E)-dependent thrombin release from metastatic melanoma signals focal adherens junction disassembly by triggering VE-cadherin phosphorylation and ubiquitination. Conclusion: Thrombin-mediated junction breakdown allows melanoma extravasation via a paracellular route. Significance: Targeting B-Raf(V600E)-mediated thrombin generation and endothelial barrier dysfunction may represent a novel therapeutic strategy to limit tumor metastasis.
Tumor invasiveness depends on the ability of tumor cells to breach endothelial barriers. In this study, we investigated the mechanism by which the adhesion of melanoma cells to endothelium regulates adherens junction integrity and modulates tumor transendothelial migration (TEM) by initiating thrombin generation. We found that the B-Raf(V600E) mutation in metastatic melanoma cells up-regulated tissue factor (TF) expression on cell membranes and promoted thrombin production. Coculture of endothelial monolayers with metastatic melanoma cells mediated the opening of inter-endothelial spaces near melanoma cell contact sites in the presence of platelet-free plasma (PFP). By using small interfering RNA (siRNA), we demonstrated that B-Raf(V600E) and TF silencing attenuated the focal disassembly of adherens junction induced by tumor contact. Vascular endothelial-cadherin (VE-cadherin) disassembly was dependent on phosphorylation of p120-catenin on Ser-879 and VE-cadherin on Tyr-658, Tyr-685, and Tyr-731, which can be prevented by treatment with the thrombin inhibitor, hirudin, or by silencing the thrombin receptor, protease-activated receptor-1, in endothelial cells. We also provided strong evidence that tumor-derived thrombin enhanced melanoma TEM by inducing ubiquitination-coupled VE-cadherin internalization, focal adhesion formation, and actin assembly in endothelium. Confocal microscopic analysis of tumor TEM revealed that junctions transiently opened and resealed as tumor cells accomplished TEM. In addition, in the presence of PFP, tumor cells preferentially transmigrated via paracellular routes. PFP supported melanoma transmigration under shear conditions via a B-Raf(V600E)-thrombin-dependent mechanism. We concluded that the activation of thrombin generation by cancer cells in plasma is an important process regulating melanoma extravasation by disrupting endothelial junction integrity.
Melanoma is the most invasive and metastatic form of skin cancer. Melanoma metastasis is a highly coordinated process, involving surviving blood's mechanical shear force, tethering onto endothelium, developing shear-resistant adhesion, disrupting endothelial barrier function, and invading underlying tissues (1, 2) . Metastasis is accompanied by secretion of soluble factors, including proteases and cytokines into the extracellular milieu, which performs autocrine or paracrine roles to further promote metastasis. Hematogenous dissemination of melanoma is clearly linked with thrombosis and activation of blood coagulation. Cancer patients often have abnormal blood coagulation with elevated levels of fibrinopeptide A (3) . The initiation of blood coagulation is catalyzed by the tissue factor (TF) 3 -VIIa pathway (4, 5) . The transmembrane protein TF is a single-chain 263-amino acid membrane glycoprotein, which binds and allosterically activates factor VII. The TF⅐VIIa com-plex cleaves factor IX and X, leading to the generation of serine protease thrombin. TF is highly expressed on metastatic melanoma cell lines (6) . In addition, tumor dissemination is associated with TF expression. Studies with the highly specific thrombin inhibitor hirudin have revealed that thrombin in the tumor microenvironment contributes to tumor metastasis and that hirudin treatment markedly suppresses spontaneous tumor metastasis in vivo, prolonging mouse survival (7) .
B-Raf mutations have been identified in about 60 -80% of human melanomas, as well as in benign nevus specimens (8 -11) . A thymine to adenine transversion in exon 15, leading to a V600E substitution in the BRAF kinase domain, occurs in ϳ60% of melanomas (9, 10) . BRAF is a component of the RAS-RAF-MEK-ERK signaling pathway that plays a critical role in cell proliferation, differentiation, and survival (12) . B-Raf(V600E) may play critical roles in mediating constitutive activation of downstream kinases and gene transcription, which facilitate melanoma adhesion, migration, and proliferation (13, 14) . Targeted silencing of B-Raf(V600E) down-regulated the activity of MAPK, intercellular adhesion molecule-1 (ICAM-1), and IL-8, while attenuating leukocyte-mediated melanoma extravasation and the development of lung metastases (15, 16) .
Thrombin is a serine protease responsible for many homeostatic functions, including conversion of soluble fibrinogen into fibrin and activation of various intercellular signaling events in circulating blood cells via protease-activated receptor-1 (PAR-1) (17) . Under certain circumstances, thrombin exposure may result in cellular inflammatory responses, such as altered ICAM-1 expression on vascular endothelial cells and activation of polymorphonuclear neutrophils, which help regulate hemostasis. By inducing VE-cadherin dimer dissociation, thrombin has been implicated in endothelial junction breakdown (17) . As such, thrombin exposure induces VE-cadherin cytoplasmic phosphorylation, which displaces p120-catenin and ␤-catenin from adherens junctions (AJ), thereby increasing endothelial permeability (18 -21) . VE-cadherin can be phosphorylated at a variety of tyrosine residues (20, 21) . Tyrosine sites 658, 685, and 731 of VE-cadherin may be phosphorylated in response to thrombin stimulation (19) . AJ breakdown and endothelial barrier function loss play essential roles in regulating tumor metastasis. Tumor cell adhesion initiates a series of signaling cascades leading to the loss of endothelial junction integrity (22, 23) . However, it is unknown whether B-Raf(V600E) overexpression in malignant melanoma cells can mediate endothelial junction breakdown by catalyzing thrombin production.
In this study, we sought to link B-Raf(V600E) activity in melanoma cells with TF overexpression and thrombin generation. In addition, the effects of knockdown and ectopic expression of B-Raf(V600E) on melanoma contact-induced endothelial junction disassembly, permeability increase, and reduction of VEcadherin-mediated cell-cell adhesion were evaluated in the presence of platelet-free plasma (PFP). The phosphorylation of VE-cadherin and p120 was assessed in response to melanoma adhesion in PFP. The roles of tumor-derived thrombin and VEcadherin junction breakdown in regulating the routes of melanoma transendothelial migration (TEM) were investigated.
Experimental Procedures
Reagents-Hirudin was from Sigma. Anti-VE-cadherin, anti-p120-catenin, and anti-␤-tubulin were purchased from Cell Signaling Technology. Alexa Fluor 488 F(abЈ) 2 goat anti-mouse IgG was from Invitrogen. TransIT 2020 was purchased from Mirus Bio LLC (Madison, WI). Super Signal West Pico chemiluminescence reagent and goat anti-mouse IgG horseradish peroxidase were obtained from Thermo Scientific (Rockford, IL). S879A-p120 cDNA was kindly provided by A. Reynolds (Vanderbilt University, Nashville, TN). It was fused to GFP to monitor transfection. Anti-Tyr(P)-658 VE-cadherin and anti-Tyr(P)-731 VE-cadherin antibodies were from Chemicon (Temecula, CA). Anti-Tyr(P)-685 VE-cadherin, anti-Rab5, anti-B-Raf, anti-TF, and anti-phosphoserine antibodies were purchased from Abcam (Eugene, OR). Human TF antibody (polyclonal rabbit anti-human TF 4502) was obtained from American Diagnostica (Stamford, CT). Rabbit anti-Lys-63linked polyubiquitin clone Apu3 and anti-ubiquitin FK2 clone antibodies were obtained from Millipore. Anti-B-Raf(V600E) (VE1) mouse monoclonal antibody was purchased from Ventana Medical Systems (Tucson, AZ). A nonspecific antibody (rabbit IgG fraction) to act as a control was from Dako (Denmark).
Cell culture HUVECs were obtained from the American Type Culture Collection (ATCC 1730-CRL) (Manassas, VA) and maintained in F-12K medium with 10% FBS, 30 g/ml endothelial cell growth supplement, 50 g/ml heparin (Mallinckrodt Baker), and 100 units/ml penicillin/streptomycin (Biofluids) (passages 5-8). A375M, UACC903, and Lu1205 melanoma cell lines (obtained from ATCC) were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% FBS and 100 units/ml penicillin/streptomycin. WM35 melanoma cells (provided by Dr. Meenhard Herlyn, Wistar Institute, Philadelphia, PA) were maintained in Roswell Memorial Park Institute (RPMI) 1640 medium supplemented with 10% FBS and 100 units/ml penicillin/streptomycin. All cells were cultured in a humidified incubator at 37°C in 5% CO 2 .
Amplification Refractory Mutation System (ARMS)-PCR-The ARMS-PCR primers were as follows: forward (Fo) 5Ј-CTCTTCATAATGCTTGCTCTGATAG-3Ј and reverse (Ro) 5Ј-GCCTCAATTCTTACCATCCAC-3Ј; forward wild-type identifying (Fiwt) 5Ј-GTGATTTTGGTCTAGCTACAGT-3Ј and reverse mutation identifying (Rimut) 5Ј-CCCACTCCA-TCGAGATTTCT-3Ј. PCR was performed in a 20-l reaction volume containing 1ϫ buffer, 2 mM MgCl 2 , 1 unit of HotStar TaqDNA polymerase (Qiagen Science, Valencia, CA), 200 M each dNTP, 400 nM primer Fo, 200 nM primer Ro and Fiwt, 800 nM primer Rimut, and 30 ng of genomic DNA template. PCR amplification was carried out by denaturation at 95°C for 5 min, followed by 40 cycles at 95°C for 20 s, 68°C for 20 s, and 72°C for 20 s with a final extension at 72°C for 5 min. PCR products were analyzed by 2% agarose gel electrophoresis.
PFP Preparation-Following the Pennsylvania State University Institutional Review Board-approved protocols (number 19311), fresh human blood was collected from healthy adults by venipuncture into a BD Vacutainer (BD Biosciences) with sodium citrate as the anti-coagulant. To block the contact activation pathway, corn trypsin inhibitor (0.1 mg/ml final) was added. The platelet-poor plasma was prepared by centrifugation at 2500 ϫ g for 15 min and then filtration through a 0.2-m pore cellulose membrane. PFP was prepared from platelet-poor plasma with an additional centrifugation at 13,000 ϫ g for 2 min at 4°C. PFP was diluted 1:1 with PBS before the experiments. In some cases, 40 units/ml hirudin was added to the PFP 30 min before the co-culture experiments.
Cell Adhesion Assay-The adhesion of HUVECs to immobilized Fc and Fc-VE-cadherin (VEC-Fc) (R&D Systems) was tested as described previously (24, 25) . Wells were coated with Fc or VEC-Fc (20 mg/ml) in PBS and blocked with 3% BSA. CellTracker Green 5-chloromethylfluorescein diacetate (Thermo Fisher)-labeled HUVECs (5 ϫ 10 4 /well) were washed and incubated with immobilized proteins for the indicated time at 37°C in the presence or absence of effectors. After washings, cell adhesion abilities were quantified as the percentage of total cells added using a fluorescent plate reader (PerkinElmer Life Sciences). To determine the effect of tumor-derived thrombin on VE-cadherin-mediated cell-cell adhesion, a HUVEC monolayer was co-cultured with 1 ϫ 10 6 /ml melanoma cells in the presence or absence of PFP. Thereafter, HUVECs were gently detached and plated on an Fc-or VEC-Fc-coated surface in the presence of co-cultured medium.
Contact Co-culture-Before the experiments, HUVECs were seeded on No. 1 coverslips and starved in F-12K medium with 2% FBS without the additional supplements mentioned above for 12 h at 37°C in 5% CO 2 . All experiments were carried out in F-12K medium with 2% FBS without additional supplements to ensure that signaling was not influenced by additional growth factors. Then, 1 ϫ 10 6 DiI-stained or unlabeled melanoma cells were directly added to and co-cultured with HUVECs on coverslips with or without PFP for the indicated time periods. For immunofluorescence, adherent melanoma cells were fixed to the HUVEC monolayer. For immunoblotting, attached tumor cells were removed with Ca 2ϩ -and Mg 2ϩ -free PBS/EDTA.
Transendothelial Electrical Resistance (TER)-TER with respect to time was measured with a Millicell ERS-2 Voltohmmeter (Millipore, Billerica, MA). The final TER values were calculated as ohm⅐cm 2 by multiplying by the surface area of the transwell insert. The results are presented as a percentage compared with that of a normal HUVEC monolayer without any co-cultured cells.
Fluorescence Imaging and Analysis-Before the experiments, 25-mm coverslips were coated with fibronectin (1 g/ml) and incubated at room temperature overnight under sterile conditions. Equal amounts of HUVECs were then grown to 95-99% confluency and in some cases transfected with PAR-1 siRNA or S879A-p120 plasmid. HUVECs were co-cultured with 1 ϫ 10 6 DiI-stained or unlabeled melanoma cells in the presence or absence of PFP. The co-cultures were gently fixed with 5% formaldehyde in PBS for 30 min, permeabilized with 0.3% Triton X-100, and blocked with 5% calf serum and 2% goat serum. Subsequently, coverslips were incubated with anti-VE-cadherin, anti-Lys-63-linked polyubiquitin, or anti-paxillin for 2 h at room temperature. This was followed by staining with Alexa 555 or Alexa 488-conjugated anti-rabbit IgG. To image the actin filaments, rhodamine/phalloidin (1:40; Life Technologies, Inc.) was incubated with the cells. The cells on the coverslips were imaged using a Nikon Eclipse TE2000. For each experimental condition, six coverslips were viewed under a ϫ100 objective, and a series of six images were taken of randomized fields of view for each coverslip. Each image was then analyzed using ImageJ software version 1.32. To analyze the size and number of paxillin-containing focal adhesions, images were background-subtracted before thresholding, and segmentation was conducted to detect the edges of the focal adhesions. Then, the mean size (in pixels) and number of focal adhesions in each cell were calculated.
Disruption of VE-cadherin was identified by analysis of the discontinuity of green fluorescence at the VE-cadherin junctions between the HUVECs. The gap area in the disrupted VEcadherin junctions was quantified as the ratio of the number of pixels in all the gaps to that of the entire view field. The regions where HUVECs were absent before the experiments were not included in the calculation.
Isolation of Early Endosomes-To analyze the ubiquitination of VE-cadherin in early endosomes, HUVECs were gently homogenized in homogenization buffer (250 mM sucrose, 3 mM imidazole (pH 7.4)), and the resulting post-nuclear supernatants were prepared. Post-nuclear supernatants were adjusted to 40% sucrose, overlaid with 35 and 25% sucrose, and filled with homogenization buffer containing 0.5 mM EDTA. The gradients were centrifuged at 108,000 ϫ g for 3 h at 4°C. Following centrifugation, the interface fractions were collected and subjected to immunoprecipitation. Rab5 served as a marker for early endosomes as detected by anti-Rab5 antibody (Cell Signaling Technology).
Western Blotting-After HUVEC-melanoma co-culture, adherent tumor cells were removed by washing 3-5 times with pre-warmed Ca 2ϩ -and Mg 2ϩ -free PBS/EDTA. HUVECs were rinsed with PBS and lysed with RIPA lysis buffer (20 mM Tris, 5 mM MgCl 2 , 1 mM PMSF, 20 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM Na 3 VO 3 , and 20 mM ␤-glycerophosphate). The lysates were centrifuged at 14,000 rpm for 15 min. The protein concentrations across the samples were checked using the Bradford method. The samples were denatured by adding SDS running buffer (0.2% bromphenol blue, 4% SDS, 100 mM Tris (pH 6.8), and 20% glycerol) and ␤-mercaptoethanol. The samples were analyzed by SDS-PAGE on 12% gels. After the proteins were transferred to nitrocellulose membranes, phosphorylated VE-cadherin (Tyr-658), phosphorylated VE-cadherin (Tyr-685), and phosphorylated VE-cadherin (Tyr-731) were detected with corresponding primary monoclonal antibodies (1:1000 diluted in blocking buffer) followed by HRP-conjugated secondary antibodies. The labeled proteins were visualized using a chemiluminescence kit. Thereafter, membranes were stripped with stripping buffer before being re-probed with anti-VE-cadherin and anti-␤-tubulin to ensure equal loadings.
Immunoprecipitation-Whole cell extracts were prepared by resuspending 2 ϫ 10 7 cells in 500 l of lysis buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA (pH 8.0), 2 mM Na 3 VO 3 , 10 mM NaF, 10 mM Na 4 P 2 O 7 , 1% Nonidet P-40, 1 mM PMSF, 2 ng/ml pepstatin A). Lysates were incubated on ice for 30 min followed by centrifugation at 16,000 ϫ g for 5 min at 4°C. Pellets were discarded, and the supernatant was precleared with protein G-agarose (Santa Cruz Biotechnology). Precleared lysates were incubated with anti-p120 pre-absorbed with protein G-agarose overnight at 4°C under continuous mixing. Pellets were collected after four washes with lysis buffer and mixed with 2ϫ SDS running buffer (0.2% bromphenol blue, 4% SDS, 100 mM Tris (pH 6.8), 200 mM DTT, 20% glycerol) in a 1:1 ratio. Samples were boiled for 3 min, and 20 l was loaded onto a 6% SDS-polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane by electroblotting. Primary antibodies included anti-p120 and anti-phosphoserine. The secondary antibody was HRP-conjugated secondary antibody. The labeled proteins were visualized using a chemiluminescence kit. Thereafter, membranes were stripped with stripping buffer before being reprobed with anti-␤-tubulin to ensure equal loadings.
For analyzing VE-cadherin ubiquitination in early endosomes, isolated early endosomes were incubated with anti-VEcadherin-coupled protein G-agarose. Then, immunoprecipitated VE-cadherin was washed three times with dilution buffer (1% Triton X-100, 0.5% SDS, 10 mM Tris (pH 7.5), 150 mM NaCl) and twice with a washing buffer (200 mM NaCl, 400 mM NaOAc) before preparation for SDS-PAGE and Western blot analysis using a ubiquitin antibody (FK2 ubiquitin clone, Millipore).
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)-Total RNA was extracted using an RNeasy kit (Qiagen) following the manufacturer's instructions. cDNA was synthesized from 2 g of RNA using Takara Reverse Transcription Reagents (Takara Bio, Japan). PCR was performed with PCR master mix (Life Technologies, Inc.) by an initial denaturation step at 95°C for 5 min, followed by 40 cycles at 95°C for 45 s, 60°C for 45 s, and 72°C for 1 min. We used specific primers for human PAR-1 (sense, 5Ј-GGGTCTGAATTGTGTCGCTTCG-3Ј; antisense, 5Ј-GCTGCTGACACAGACACAGAGG-3Ј) and GAPDH (sense, 5Ј-GTCGTATTGGGCGCCTGGTCAC-3Ј; antisense, 5Ј-AGGGGCCATCCACAGTCTTCTG-3Ј). PCR products were resolved by 2% agarose gel electrophoresis and stained with ethidium bromide. Negative controls lacking reverse transcriptase were run in parallel to confirm that samples were not contaminated with genomic DNA.
siRNA Targeting Mutant B-Raf, TF, and PAR-1-siRNA (100 pmol) was introduced into 1 ϫ 10 6 Lu1205, A375M, UACC903, WM35, or HUVEC via nucleofection with an Amaxa Nucleofector (Koeln, Germany). Solution R/program K-17 was used for the Lu1205, UACC903, WM35, or HUVEC cell lines, and Solution R/program A-23 was used for the A375M cells. The resultant transfection efficiency following nucleofection was 85%. Duplexed Stealth siRNA (Invitrogen) was used for these studies. The sequence for each respective siRNA is as follows: scrambled siRNA, 5Ј-AAUUCUCCGAACGUGUCACGUG AGA-3Ј; MUT B-RAF (accession number NM_004333.4), 5Ј-GGUCUAGCUACAGAGAAAUCUCGAU-3Ј; TF (accession number M16553), 5Ј-GCGCUUCAGGCACUACAAAtt-3Ј; PAR-1 (accession number M62424.1), 5Ј-CCCUGCUCGAAG-GCUACUAtt-3Ј. Following nucleofection, cells were replated, and 72 h later, protein lysates were harvested for Western blot or RT-PCR analysis.
Plasmid Transfection-HUVECs were stably transfected with GFP-S879A-p120 or control vector. 2.5-g plasmids were transfected into HUVECs with 7.5 g of Mirus TransIT 2020. After 24 h, the transfection efficiency was detected by Western blotting.
The pBABEbleo-FLAG-BRAF(V600E) was a gift from Christopher Counter (Addgene plasmid 53156). The pBABE-bleo was a gift from Hartmut Land, Jay Morgensten, and Bob Weinberg (Addgene plasmid 1766). The pBABEbleo-FLAG-BRAF was created by subcloning from pcDNA3-BRAF. Retroviral infection of WM35 was conducted following a previous protocol (26) . To produce retrovirus, 293T cells were incubated with 12 ml of FuGENE 6, 3 mg of pCL-10A1, and 3 mg of the pBABE plasmid of interest. Then, WM35 cells (1 ϫ 10 5 per well in a 6-well plate) were infected with virus-containing media together with Polybrene (4 g/ml). pBABEbleo-FLAG-BRAF(V600E), pBABE-bleo, and pBABEbleo-FLAG-BRAF transfected stable clones were selected with Zeocin. The transfection efficiency was assessed by Western blotting with either anti-FLAG or anti-B-Raf(V600E) antibody.
Static Transmigration Assay-Static transmigration assays were conducted in a conventional 48-well chemotactic Boyden chamber. To conduct the experiments, HUVECs were grown to confluency on fibronectin-coated polyvinylpyrrolidone-free polycarbonate filters (8-m pore size; NeuroProbe). The wells on the bottom plate of the chamber were filled with collagen type IV (100 g/ml in RPMI 1640 medium with 1% BSA) to act as a chemoattractant to melanoma cells (27, 28) . Melanoma cells (1 ϫ 10 6 /ml) were then loaded in the holes on the top plate of the migration chamber with or without PFP. After incubation at room temperature for 4 h, melanoma cells migrating through the endothelial layer were stained with Protocol Brand Hema 3 solution (Fisher) and imaged under an inverted microscope (Diaphot 330; Nikon). The number of migrated cells was analyzed with ImageJ software.
Flow Transmigration Assay-Tumor transmigration under flow conditions was determined using a modified 48-well chemotactic Boyden chamber consisting of top and bottom plates separated by a gasket. An inlet and an outlet allowing for connection to the flow loop were carved in the top plate. The bottom plate had 48 chemotactic wells and screwed around the perimeter to affix to the top plate. The gasket was an 11 ϫ 5.5-cm 0.02-inch-thick piece of silicon (SFMedical, Hudson, MA). A 7 ϫ 2-cm opening was cut in the center of the flow field. The wall shear stress ( w ) was related to the volumetric flow rate (Q) by the following formula: w ϭ 6 Q/wh 2 . Before each experiment, a monolayer of HUVECs was grown on polycarbonate filters (8-m pore size; NeuroProbe, Gaithersburg, MD) pre-coated with fibronectin (30 g/ml) (Sigma). The central 12 wells of the bottom plate were filled with soluble chemoattractant type IV collagen. The assembled chamber was primed with 0.1% BSA in DMEM to eliminate bubbles. Then, melanoma cells were drawn across the HUVEC monolayer with a peristaltic pump at a shear stress of 2 or 4 dynes/cm 2 for 4 h in a 37°C, 5% CO 2 incubator. When the assay was completed, the flow chamber was removed from the flow loop and dissembled. The migrated cells were stained with Protocol Brand Hema3 solution (Fisher). Cells in 12 randomly selected fields were counted using an inverted microscope (IX71, Olympus) with ImageJ software (National Institutes of Health). For each dataset, at least three filters were analyzed.
Live Cell Imaging of Melanoma TEM-GFP-fused VE-cadherin was generated by cloning mApple-VE-cadherin (Addgene) to GFP-pcDNA3 with BamHI and XbaI restriction sites. GFP-VE-cadherin was transfected to HUVEC with Mirus TransIT 2020. Melanoma cells were labeled with DiI (Molecular Probes) and then deposited on a monolayer of GFP-VEcadherin-transfected HUVECs cultured on Matrigel-coated coverslips mounted on an Olympus Fluoview FV1000 confocal laser scanning microscope with a ϫ60 oil immersion objective. For TEM experiments, sequential images of VEcadherin (green) and tumor (red) were taken for 4 h in representative fields. The confocal iris was set to generate a 0.3-m-thick slice. Fluorescence was scanned on the z axis in 0.3-m steps. The combined images were prepared by overlaying images of adherent and migrating tumors onto the image of the GFP-VE-cadherin fluorescence. Transmigrating tumor cells, which were more than 5 m from junctions as identified by GFP-VE-cadherin fluorescence and did not disrupt the VE-cadherin staining, were considered to have taken a "transcellular route." The percentage of TEM ϭ total transmigrated tumor cells/(total adherent ϩ transmigrated tumor cells) ϫ 100.
Measurement of TF-Transfected or untransfected melanoma cells were lysed and solubilized with 15 mM octyl ␤-Dglucopyranoside at 37°C for 15 min. The samples were diluted 1:2 with diluent buffer. To measure TF levels, each 96-well plate was coated with mouse anti-human capture antibody diluted in NaHCO 3 (pH 8.2) at a final concentration of 2 g/ml (R&D, Minneapolis, MN). After the plates were incubated overnight at 4°C, each plate was blocked for 2 h at room temperature with PBS, 1% BSA. Samples and standards were added at 100 l per well and incubated overnight at 4°C. Wells were incubated for 2 h at room temperature in biotinylated detecting antibodies for TF. The plate was then washed six times and incubated with 10 l of streptavidin peroxidase (1 g/ml, Sigma) for 30 min at room temperature. 100 l of 2,2Ј-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Sigma) peroxide substrate solution was then added. The plate was read using a microtiter plate reader at a wavelength of 405 nm. TF levels (ng/ml) were calculated by interpolating the standard curve.
Measurement of Thrombin Generation in Co-culture-Tumor cell samples were tested for their thrombogenic capacities using a CAT assay. PFP was incubated for 10 min with cell samples containing 4 M phospholipids (Thrombinoscope) in round bottom 96-well microtiter plates. Thrombin generation was initiated by adding 30 l of CaCl 2 /fluorogenic substrate (benzyloxycarbonyl-Gly-Gly-Arg-7-amino-4-methylcoumarin; Bachem, Bubendorf, Switzerland) mixture. Fluorescence was read using a Fluoroskan Ascent reader (Thermo Lab Systems, Helsinki, Finland), and thrombin generation curves were calculated using Thrombinoscope software. The thrombin generation curves were considered cell line-specific when the signal was higher than that obtained with PBS only (i.e. no cells).
Statistical Analysis-Data were obtained from at least three independent experiments and are expressed as mean Ϯ S.E. Statistical significance of differences between means was determined by using a Student's t test or analysis of variance. Tukey's test was used for post hoc analysis of variance. Probability values of p Ͻ 0.05 were deemed to be statistically significant.
Results
Targeting Mutant B-Raf(V600E)-TF Signaling in Melanoma Cells Inhibited Thrombin Generation-Melanoma harboring the B-Raf(V600E) mutation has been shown to enhance adhesion-independent growth, alter G 1 -S cell cycle progression, and exacerbate leukocyte-mediated metastasis (15, 16, 29 -31) . Melanoma patients who achieved metastatic disease remission after receiving a B-Raf(V600E) inhibitor, Vemurafenib, tended to have down-regulated levels of thrombin generation and D-dimer, indicating a possible association between hypercoagulation and the BRAF(V600E) mutation in metastatic melanoma (32) . However, the cross-talk mechanism between melanoma, coagulation factors, and endothelium leading to melanoma metastasis remains unknown. To develop a thorough understanding of the role of B-Raf(V600E) in thrombogenesis, we analyzed the expression levels of mutant B-Raf in four melanoma cell lines, WM35 (non-metastatic), A375M (median metastatic), UACC903 (median metastatic), and Lu1205 (highly metastatic) with different metastatic potentials using ARMS-PCR (33) and Western blotting. Expression of B-Raf(V600E) in melanoma cells carrying the T1799A mutation correlated with melanoma metastatic potential. WM35 expressed the lowest and Lu1205 expressed the highest metastatic potential (Fig. 1, A and B) . Membrane TF expression on the melanoma cell lines was also associated with the malignancy and invasiveness of melanoma (WM35, 10.5 Ϯ 1.2 ng/ml; Lu1205,145.0 Ϯ 7.6 ng/ml) ( Fig. 1B) . Therefore, we postulated that the B-Raf mutation initiates downstream signaling leading to TF overexpression and TF-based thrombogenesis. siRNA was specifically designed and nucleofected to suppress the expression of mutant B-Raf(V600E) in melanoma cell lines. Nucleofection resulted in siRNA knockdown efficiencies of 85% (Fig.  1C ). Knockdown of B-Raf(V600E) protein in A375M, UACC903M, and Lu1205 cells persisted for 6 days in culture compared with control cells nucleofected with scrambled siRNA (data not shown). Knockdown of B-Raf(V600E) significantly down-regulated TF protein levels on Lu1205, UACC903, and A375M cells compared with scrambled siRNA and buffer controls (p Ͻ 0.05) (Fig. 1C ). To determine whether mutant B-Raf drives thrombin generation, the dynamic thrombin generation was measured with Lu1205 cells in PFP that was depleted of platelets but retained all pro-coagulant factors, including factors Xa and Va. Compared with buffer or scrambled siRNA-transfected cells, B-Raf(V600E)-silenced Lu1205 cells had a markedly lower thrombin generation potential with longer lag time and lower peak thrombin levels as measured by CAT ( Fig. 1D ). To verify that TF is located downstream of B-Raf(V600E) to trigger thrombin production, TF was silenced with siRNA before the measurement of thrombin generation. Ͼ85% siRNA knockdown efficiency of TF was achieved in
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Lu1205 cells (Fig. 1E ). Similar levels of siRNA-mediated TF knockdown cells were observed for A375M and UACC903 cells (data not shown). TF abrogation reduced peak thrombin levels 2.2-fold and prolonged the lag time. This implies that B-Raf(V600E) promotes TF overexpression, which in turn results in enhanced thrombin generation in metastatic melanoma cells.
AJ Dissociation Occurred in Close Proximity to Melanoma
Contacts in the Presence of Plasma-Thrombin treatment disrupts endothelial barrier function, which is accompanied by VE-cadherin dimer disassembly and internalization (17, 18, 34 -36) . To assess whether the thrombogenic capacities of melanoma cells are associated with their tendency to induce endothelial AJ breakdown, VE-cadherin was immunofluorescently stained to visualize endothelial gap formation upon melanoma contact when co-cultured with or without PFP. Melanoma cells were allowed to settle freely onto the HUVEC monolayer. They randomly attached to the HUVEC monolayer in the immediate vicinity of junctions (bicellular or tricellular corners) or in the apical regions of HUVECs remote from the junction sites. As shown in Fig. 2A , AJs remained intact by co-culturing Lu1205 or UACC903 and HUVECs in the absence of PFP for 60 min. VE-cadherin staining was most prominent around the cell periphery, suggesting that the assembly of VE-cadherin dimers was maintained at AJs. In sharp contrast, PFP treatment disrupted AJs upon Lu1205 or UACC903 contact ( Fig. 2A ). Furthermore, VE-cadherin staining was weakened at the cell periphery, implying that VE-cadherin was either translocated or internalized. Interestingly, gaps were mainly formed in close proximity to the adherent melanoma cells. AJ dissociation was not observed in the regions where tumor cells were absent. In response to the focal loss of VE-cadherin dimers, melanoma cells extended their pseudopod protrusions toward the sites of loss of VE-cadherin dimers in the junctions. In addition, separate co-culture of HUVECs and melanoma cells in the transwell systems did not result in endothelial AJ breakdown (data not shown). These findings suggest that melanoma cells need to physically contact endothelial cells to effect gap formation. However, it seemed that receptor-ligand-mediated cell-cell adhesion was not required for this process, because simultaneous knockdown of CD44 and VLA-4, the two primary receptors for melanoma adhesion to endothelium, did not alter the ability of melanoma to induce AJ dissociation in PFP (37, 38) .
Quantification of the gap sizes revealed that A375M, UACC903, and Lu1205 melanoma cells, which carried high levels of B-Raf(V600E), created significantly larger gap areas through contact with HUVECs in the presence of PFP than in the absence of PFP (p Ͻ 0.05), whereas WM35 with low B-Raf(V600E) expression did not induce VE-cadherin junction disassembly even in the presence of PFP ( Fig. 2B ). Of note, PFP did not mediate the gap formation per se (no TC: ϪPFP versus ϩPFP) (Fig. 2B) . To examine the possible effect of melanoma contact on the integrity of the endothelial barrier, we measured TER. In the presence of PFP, Lu1205 but not WM35 contact reduced the electrical resistance of endothelium in a time-dependent manner (Fig. 2C ). Co-culture of Lu1205 and HUVEC in PFP resulted in a reduction of endothelial electrical resistance by 42% at 100 min.
Knockdown of B-Raf(V600E) attenuated endothelial gap formation induced by Lu1205 and UACC903 cells in the presence of PFP (Fig. 2D) . Similarly, siRNA-based knockdown or antibody blocking of TF dramatically suppressed Lu1205/PFP-mediated endothelial junction disassembly ( Fig. 2E) . Treatment with thrombin inhibitor, hirudin, which specifically blocks thrombin activity, resulted in a 52% reduction of the Lu1205/ PFP-induced gap area (Fig. 2F) . Concomitantly, inhibition of B-Raf(V600E), TF, and thrombin also reversed melanomamediated reduction of endothelial electrical resistance in PFP (Fig. 2G ). To further demonstrate the role of tumorderived thrombin on VE-cadherin junction disassembly, we silenced the primary thrombin receptor on endothelium, PAR-1, which upon binding to thrombin orchestrates downstream signaling leading to endothelial junction breakdown (35) . siPAR-1 transfection reduced the endothelial PAR-1 mRNA level by 80% as assessed by PCR (Fig. 2H ). PAR-1 knockdown markedly suppressed endothelial gap formation and barrier function loss induced by melanoma adhesion in the presence of PFP (Fig. 2, H and I) . These results imply that Melanoma Reduced VE-cadherin-mediated Cell Adhesion by Triggering Thrombin Generation in Plasma-Endothelial junction integrity is maintained by VE-cadherin-dependent cell-cell contact (25) . The weakened cell-cell contacts lead to endothelial barrier function loss. To assess the effect of tumor-derived thrombin on VE-cadherin-mediated adhesion, HUVECs were co-cultured with melanoma cells before their affinity for VEcadherin was assessed in the presence of melanoma/PFP culture medium. To simulate the VE-cadherin-mediated cell-cell contacts, VEC-Fc chimeric protein was used to coat dishes. In the absence of PFP, HUVECs adhered within 5 min to immobilized VEC-Fc and subsequently spread (Fig. 3A) . No cells attached to the Fc-coated surface. After being co-cultured with metastatic melanoma cells (UACC903 and Lu1205), HUVEC adhesion to VEC-Fc was slightly reduced (p Ͼ 0.05). In contrast, cell adhesion was significantly diminished by adding PFP to HUVEC-melanoma co-culture. In addition, the magnitude of the reduction in cell adhesion was correlated with the metastatic potential of melanoma cells. PFP treatment augmented the suppressive effect of Lu1205 and UACC903 cells on HUVEC adhesion to the VEC-Fc-coated surface in a time-dependent manner (Fig. 3, B and C) . A time course analysis revealed that enhanced adhesion was observed 10 min after plating (Fig. 3, B and C) . Knockdown of B-Raf(V600E) or TF abrogated the inhibitory effect of Lu1205/PFP on HUVEC adhesion (Fig. 3D) . A similar enhancement of cell adhesion to VE-cadherin was observed in HUVECs that were co-cultured with Lu1205 cells in the presence of hirudin. The suppression of VE-cadherin-mediated cell adhesion by Lu1205/PFP was also reversed by silencing PAR-1 in endothelial cells (Fig. 3E ). Collectively, these results suggest that the down-regulation of VEcadherin-mediated adhesiveness by melanoma contact in plasma is dependent on the activities of B-Raf(V600E) and thrombin. 
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B-Raf(V600E) Overexpression Conferred on WM35 Cells the Ability to Promote Endothelial Junction Breakdown in a TFand Thrombin-dependent Manner-B-Raf(V600E)
expression may lead to the activation of mitogen-activated protein kinase kinase/extracellular signal-regulated kinase 1/2 (MEK/ERK1/2), which promotes tumor growth and increases cell motility (29, 39) . To exclude the possibility that the observed effect of B-Raf(V600E) on endothelial gap formation is a consequence of enhanced tumor growth and migration, we transfected a vector control, wild-type B-Raf or B-Raf(V600E), into non-metastatic WM35 cells that carry low levels of the B-Raf(V600E) mutant (Fig. 4A ). Overexpression of B-Raf(V600E) but not wild-type B-Raf increased the expression of TF and enhanced melanoma-mediated endothelial junction dissociation in PFP (Fig. 4, B and C) . The B-Raf(V600E)-mediated junction breakdown was reversed by knockdown of TF or inhibition of thrombin with hirudin ( Fig. 4C) . Similarly, knockdown of PAR-1 inhibited the effect of B-Raf(V600E) overexpression on endothelial junction breakdown. All of the results imply that the TFthrombin/PAR-1 axis is essential for endothelial junction breakdown mediated by B-Raf(V600E)-positive melanoma cells.
Tumor-derived Thrombin Triggered Phosphorylation of VEcadherin and p120 and Ubiquitination of VE-cadherin-AJ
breakdown and VE-cadherin dimer dissociation are dependent on cytosolic domain phosphorylation of VE-cadherin (21) . Nevertheless, there is a controversy in the literature with respect to which tyrosine residues of VE-cadherin are phosphorylated in response to thrombin treatment. Therefore, we attempted to identify the specific tyrosine residues of VE-cadherin phosphorylated upon melanoma contact in the presence of PFP. The basal phosphorylation levels of VE-cadherin at Tyr-658, Tyr-685, and Tyr-731 were low in HUVECs (Fig. 5A) . Lu1205, UACC903, or A375M contact for 60 min resulted in a dramatic increase in VE-cadherin phosphorylation at Tyr-658, Tyr-685, and Tyr-731 in PFP (Fig. 5A ). VE-cadherin phosphorylation was dependent on mutant B-Raf and TF activities, because it was suppressed by knockdown of B-Raf(V600E) or TF with siRNA ( Fig. 5, B and C) . Hirudin treatment attenuated VE-cadherin phosphorylation at Tyr-658, Tyr-685, and Tyr-731 in response to co-culture of Lu1205 and HUVEC with PFP ( Fig. 5D ). It has been suggested that VE-cadherin phosphorylation at Tyr-658 and Tyr-731 may reduce the affinity of VE-cadherin for p120 and promote p120 phosphorylation at the AJ complex (19) . Therefore, we deter- JANUARY 29, 2016 • VOLUME 291 • NUMBER 5
Tumor-derived Thrombin Induces Endothelial Gap Formation
JOURNAL OF BIOLOGICAL CHEMISTRY 2095
mined whether the changes in VE-cadherin phosphorylation induced by tumor-derived thrombin were associated with p120 phosphorylation. p120 phosphorylation levels were progressively elevated, which led to a progressive increase in melanoma metastatic potential as assessed by immunoprecipitation ( Fig. 5E ). Knockdown of B-Raf(V600E) or TF in Lu1205 or hirudin treatment significantly reduced p120 phosphorylation (Fig. 3, F and G) .
Phosphorylated VE-cadherin undergoes clathrin-dependent endocytosis, which targets VE-cadherin for lysosomal degradation (19, 40 -42) . It has been suggested that p120 participates in VE-cadherin endocytosis (43) . An increase in ubiquitination of the VE-cadherin cytoplasmic tail catalyzed by E3 ligase greatly enhances the trafficking of VE-cadherin into the lysosomal degradation process, thereby reducing the recycling of the protein from early endosomes to plasma membrane and decreasing the membrane abundance of VE-cadherin (44, 45) . To demonstrate whether melanoma contact-mediated loss of the VE-cadherin complex requires VE-cadherin ubiquitination, we assessed the co-localization of VE-cadherin and Lys-63-linked ubiquitin, which is a marker for endocytosis. We found that Lu1205 adhesion in the presence of PFP increased internalized VE-cadherin in cytoplasmic vesicles that were associated with ubiquitination ( Fig. 6A ). Knockdown of B-Raf(V600E) or PAR-1 reduced Lu1205/PFP-induced VE-cadherin ubiquitination, supporting the concept that B-Raf(V600E)-mediated thrombin generation is required for VE-cadherin ubiquitination and internalization. Next, we isolated early endosomes and detected the levels of ubiquitinated VE-cadherin in early endosomes by immunoprecipitation. We found that the addition of PFP increased the amount of ubiquitinated VE-cadherin in early endosomes by 530 Ϯ 85% (p Ͻ 0.05) (Fig. 6B) . The effect of PFP on the ubiquitination of VE-cadherin was dependent on the B-Raf mutation and thrombin signaling, because knockdown of B-Raf(V600E) or PAR-1 prevented Lu1205/PFP-induced VEcadherin ubiquitination in early endosomes. Therefore, ubiquitination-coupled VE-cadherin internalization is involved in melanoma-mediated loss of the endothelial VE-cadherin complex in the presence of PFP.
Melanoma Contact-mediated Endothelial Focal Adhesion Assembly and Actin Polymerization Are Dependent on B-Raf (V600E) and PAR-1
Signaling-We analyzed the dynamics of actin cytoskeleton and focal adhesion assembly, which have been shown to participate in thrombin-induced endothelial remodeling (46) . In the presence of PFP, HUVECs exhibited thicker stress fibers than when PFP was absent. After co-culture with melanoma, the fibers traversed the cell body (Fig. 7A) . In contrast, knockdown of B-Raf(V600E) in melanoma or silencing of PAR-1 in HUVECs altered the cytoskeletal morphology in HUVECs co-cultured with melanoma in PFP. In these cases, filamentous actin assembled around the cell periphery, with only a few thin stress fibers in the cell body. This implies that endothelial contractility may contribute to melanoma-induced endothelial junction breakdown.
By staining with paxillin, a focal adhesion marker, we showed that co-culture of melanoma and endothelium fostered focal adhesion assembly (Fig. 7A ). Bright punctate focal adhesions, which were colocalized with the end of thick stress fibers, were formed in the HUVECs. Following knockdown of B-Raf(V600E) or PAR-1, focal adhesion staining dimmed. Small focal adhesions appeared at the cell periphery, and they almost disengaged with only thin stress fibers. Quantitative analysis of the average focal adhesion size and number in a cell revealed that melanoma contacts in the presence of PFP increased the size and number of focal adhesions in HUVECs in a B-Raf(V600E)-and PAR-1-dependent manner (Fig. 7, B and C) .
B-Raf(V600E) Expression Promoted Thrombin-mediated Melanoma TEM-Because endothelial barrier loss and VEcadherin disassembly may facilitate melanoma extravasation, we tested the possibility that the thrombogenic potential of melanoma cells is associated with melanoma TEM capacity. The presence of PFP significantly increased the TEM of B-Raf(V600E)-positive melanoma and A375M, UACC903, and Lu1205 cells (Fig. 8A) . The number of migrating Lu1205 cells increased 2.9-fold in the ϩPFP group compared with the ϪPFP 
. Melanoma in the presence of PFP reduced VE-dependent HUVEC adhesion in a B-Raf(V600E)-and thrombin-dependent manner.
A, HUVEC monolayers were left alone or co-cultured with WM35, A375M, UACC903, or Lu1205 cells in the presence or absence of PFP. After being detached, HUVECs were plated onto a VEC-Fc-or Fc-coated dish in the presence of respective melanoma-HUVEC co-culture medium for 60 min. Cell adhesion was measured as described under "Experimental Procedures" and is shown as the percentage of adherent cells. Values are mean Ϯ S.E. from three independent experiments. B and C, after co-culture with Lu1205 and UACC903 cells in the presence or absence of PFP, HUVECs were plated onto a VEC-Fc-coated dish for the time indicated. Cell adhesion is shown as the percentage of adherent cells. D, HUVECs were co-cultured with Lu1205 cells transfected with buffer, scrambled siRNA, siB-Raf(V600E), or siTF, or treated with vehicle or hirudin in the presence of PFP. Then they were assessed for adhesion activity as described in the legend to A. E, HUVECs transfected with buffer, scrambled siRNA, or siPAR-1 were co-cultured with Lu1205 cells in the presence of PFP. Then they were assessed for adhesion activity as described in the legend to A. *, p Ͻ 0.05. N.S., not significant.
group. Silencing B-Raf(V600E) or TF attenuated Lu1205 TEM capacity in the presence of PFP (Fig. 8, B and C) . In contrast, Lu1205 TEM was unaffected by B-Raf(V600E) or TF depletion in the absence of PFP. Thrombin played an essential role in regulating Lu1205 extravasation, because inhibition of thrombin activity by pre-treating the plasma with hirudin significantly decreased the number of migrating Lu1205 cells (p Ͻ 0.01) (Fig. 8D ). Thrombin treatment usually results in phosphorylation of p120-catenin at Ser-879, which dissociates p120-catenin from VE-cadherin and disrupts vascular integrity (1, 2, 47) . To further corroborate the role of thrombin-induced junction breakdown in promoting melanoma migration, Ser-879 on p120 was mutated to alanine to generate a phosphorylation-defective p120 mutant (S879A-p120). The S879A-p120 mutant is constitutively associated with VE-cadherin even following thrombin stimulation. S879A-p120 was cloned into vectors containing a GFP tag and transfected into HUVECs. GFP-S879A-p120 was successfully transfected into HUVECs as measured by Western blotting (Fig. 8E ). PFP-mediated Lu1205 TEM was attenuated when HUVECs were transfected with the mutant p120, although the basal Lu1205 migration in the absence of PFP was not susceptible to S879A-p120 transfection. Taken together, thrombin-induced endothelial barrier function loss promotes melanoma TEM via p120 phosphorylation at Ser-879.
Melanoma Cells Took Paracellular Routes to Transmigrate in the Presence of PFP-To determine the route and mechanism of melanoma cells' TEM, an in vitro transmigration model was used. Melanoma cells were loaded onto the apical side of an endothelial monolayer grown on a Matrigel-coated coverslip. Real time monitoring of melanoma TEM was conducted using a z-stack laser confocal microscopy system. Initially, melanoma randomly settled on the endothelial monolayer in different locations (junctional and nonjunctional sites). In the presence of PFP, within 5-10 min after coming into contact with endothelial cells, the melanoma cells plated on the endothelial monolayer started to spread (Fig. 9A) . Some cells origi-nally on nonjunctional sites migrated to junctional sites. 15-30 min later, the GFP⅐VE-cadherin complex was disrupted wherever it was in close proximity to any TC adhesions (Fig. 9A) . Melanoma cells penetrated the gaps between the adjacent endothelial cells as revealed by examining an x-z cross-section (Fig. 9B) . Cells completed the TEM process within 15-30 min, which was confirmed by their location beneath green endothelial lines (Fig. 9, A and B) . After translocation, the cells became more flattened and elongated. Conversely, in the absence of PFP, melanoma cells were unable to migrate through the endothelial monolayer in the assay time frame (Fig. 9A) .
Leukocytes undergo TEM via both the paracellular and transcellular routes (48) . However, little is known about the routes melanoma cells follow. Confocal microscopy analysis of melanoma TEM routes revealed that in the absence of PFP 27.5% of melanoma cells underwent TEM (Fig. 9C ). The addition of PFP enhanced melanoma paracellular TEM (67 Ϯ 3% of total TCs). Of note, in the presence of PFP, cells taking transcellular routes only constituted 5.5% of the total TEM population. Knockdown of B-Raf(V600E) or PAR-1 caused a marked attenuation of paracellular TEM by melanoma cells, although transcellular TEM was unaffected (Fig. 9, D and E) . The findings suggest that melanoma paracellular TEM is dictated by the activity of tumor-derived thrombin.
Plasma Promoted Melanoma TEM under Shear Conditions-Flow-regulated cancer migration plays an important role in tumor metastasis (1) . To evaluate the effect of PFP treatment on cancer migration under hydrodynamic conditions, we used a flow migration device (16, 28, 49) . At shear stresses of 2 and 4 dynes/cm 2 , Lu1205 and UACC903 cells transmigrated more efficiently in the presence of PFP than in the absence of PFP (p Ͻ 0.05) (Fig. 10, A and B) . At 2 and 4 dynes/cm 2 , knockdown of B-Raf(V600E) or PAR-1 significantly reduced PFP-mediated Lu1205 and UACC903 TEM ( Fig. 10, C-F) . At 4 dynes/cm 2 , B-Raf(V600E) and PAR-1 depletion resulted in 52-and 61-fold reductions in Lu1205 
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migration, respectively (Fig. 10, C and E) . The results indicate that melanoma TEM under shear conditions requires a functional B-Raf(V600E)/TF/thrombin axis.
Discussion
Most deaths caused by melanoma occur from disseminated and drug-resistant tumors disrupting major organ function (15, 49, 50) . Therefore, understanding the molecular mechanisms that regulate metastasis is crucial to developing new therapeutic strategies to treat melanoma metastases. In this study, we provided evidence that the presence of a B-Raf(V600E) mutant in melanoma is associated with TF overexpression and aberrant thrombin generation. In addition, our findings revealed that tumor-derived thrombin is involved in promoting the loss of VE-cadherin junction integrity during melanoma TEM, which is mediated by phosphorylation of VE-cadherin and p120, and ubiquitination of VE-cadherin. In the presence of plasma, melanoma takes paracellular routes to achieve TEM. To the best of our knowledge, it is the first study to relate tumor-derived thrombin with endothelial junction breakdown.
The proto-oncogene B-Raf has an activating mutation for a valine-to-glutamic acid change at residue 600 rendering it constitutively active in a majority of melanoma cells (9, 12) . The V600E mutation is thought to mimic phosphorylation, leading to constitutive ERK activation (15) . Targeting B-Raf(V600E) reduces tumor lung entrapment by decreasing the secretion of tumor IL-8 and interrupting ICAM-1-␤ 2 integrin binding of tumor cells to the endothelium, which is mediated by neutrophils in circulation (16) . Furthermore, the roles of B-Raf(V600E) in inducing MMP-1 secretion and activating adjacent fibroblasts in the tumor microenvironment have been demonstrated (51) . In this study, we showed a mechanistic link between B-Raf(V600E), TF expression, thrombin production, and endothelial junction breakdown. Although the role of B-Raf(V600E) in mediating tumor growth has been established (30, 52) , it is unlikely that B-Raf(V600E)-mediated endothelial gap formation and melanoma extravasation are related to the functions of B-Raf(V600E) in tumor growth and cell cycle progression, because the time scale of endothelial gap formation HUVECs were subjected to Western blot analysis after being co-cultured with 1 ϫ 10 6 Lu1205 melanoma cells transfected with buffer, scrambled siRNA, or B-Raf(V600E) siRNA in the presence of PFP for 60 min. C, silencing TF suppressed co-culture-induced tyrosine phosphorylation of VE-cadherin. HUVECs were subjected to Western blot analysis after being co-cultured with 1 ϫ 10 6 Lu1205 melanoma cells transfected with buffer, scrambled siRNA, or TF siRNA in the presence of PFP for 60 min. D, hirudin suppressed co-culture-induced tyrosine phosphorylation of VE-cadherin. HUVECs were subjected to Western blot analysis after being co-cultured with 1 ϫ 10 6 Lu1205 melanoma cells in the presence or absence of PFP with or without 40 units/ml hirudin for 60 min. E, serine phosphorylation of p120-catenin was triggered by melanoma contacts in the presence of PFP. HUVECs were left alone (no TC) or co-cultured with 1 ϫ 10 6 melanoma cells (WM35, A375M, or Lu1205) in the presence of PFP for 60 min. HUVECs were subjected to immunoprecipitation (IP). F, serine phosphorylation of p120-catenin was suppressed by B-Raf(V600E) silencing. HUVECs were co-cultured with buffer, scrambled siRNA, or B-Raf(V600E) siRNA-transfected Lu1205 cells in the presence of PFP. HUVECs were subjected to immunoprecipitation. G, serine phosphorylation of p120-catenin was suppressed by TF silencing. HUVECs were co-cultured with buffer, scrambled siRNA, or TF siRNA-transfected Lu1205 cells in the presence of PFP. HUVECs were subjected to immunoprecipitation. H, serine phosphorylation of p120-catenin was abolished by hirudin treatment. HUVECs were subjected to immunoprecipitation after being co-cultured with 1 ϫ 10 6 Lu1205 melanoma cells in the presence or absence of PFP with or without 40 units/ml hirudin for 60 min. For Western blot analysis, HUVECs were lysed and subjected to blotting using phospho-VE-cadherin-specific antibodies (Tyr(P)-658, Tyr(P)-685, and Tyr(P)-731). VE-cadherin and ␤-tubulin served as loading controls. For immunoprecipitation, precipitated proteins were analyzed by immunoblotting with an antibody against phosphoserine. The same blot was stripped and then reprobed with an antibody to p120-catenin. Relative VE-cadherin phosphorylation and p120 phosphorylation for densitometric analysis are shown below each blot. Values are mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01 compared with control. All results are representative of at least three independent experiments. and melanoma extravasation is short compared with that of cell growth, which normally requires gene expression changes. In addition, inhibition of TF and thrombin signaling reversed the effect of the ectopic expression of B-Raf(V600E) in a non-metastatic cell line, WM35, on endothelial junction breakdown ( Fig. 4C) . Therefore, the observed melanoma-mediated endothelial junction dissociation is the direct consequence of B-Raf(V600E)-mediated thrombogenesis.
TF has been implicated in mediating tumor cell survival, growth, invasiveness, and angiogenesis. TF overexpression is associated with the hypercoagulable status of cancer patients and poor prognosis. Down-regulation of TF expression results in suppression of the ERK and PI3K/Akt pathways (6, 53) . Similar to our findings about the function of B-Raf(V600E) in TF expression, kinase suppressor of Ras-1 (KSR1), a scaffold protein involved in EGF receptor signaling in tumor cells, was found to up-regulate TF expression, increasing tumor aggressiveness (54) . It was also suggested that factor VII ectopically synthesized by TF-expressing cells can trigger factor X activation and tumor cell invasion (55) . For thrombin generation, TF needs to engage with factor VIIa and catalytically activate factor X, which can convert prothrombin to thrombin (4) . It was reported that tumor-mediated thrombin generation requires functional prothrombinase assembly on cell surfaces consisting of factor Xa, factor Va, and calcium. In line with this, our data showed that in the absence of PFP, TF expression on melanoma was no longer a determinant for endothelial junction breakdown or for tumor TEM.
B-Raf(V600E) can promote IL-8 secretion from tumor cells, which may cause endothelial activation (16, 56) . Some tumor cells express very late antigen-4 (VLA-4), leukocyte functionassociated antigen-1 (LFA-1), and E-selectin ligands that can bind to receptors on endothelium to trigger VE-cadherin homodimer disassembly (23, 57) . Importantly, colon cancer adhesion to E-selectin activates ERK, which triggers Src-mediated dissociation of the VE-cadherin⅐␤-catenin complex (57) . However, in this study, without plasma, melanoma was unable to induce VE-cadherin junction breakdown (Fig. 2, A and B) . In addition, knockdown of CD44 and VLA-4 on melanoma cells did not reduce gap formation (data not shown). Therefore, receptor-mediated cell adhesion is not required for melanoma/ PFP-induced AJ breakdown. This may be explained by the fact that during tumor TEM, the time scale of tumor contact with endothelium is short, especially in the face of shearing forces (50, 58, 59) . Therefore, within the short contact period (60 min), cytokine and receptor-ligand engagement-initiated signaling may not be strong enough to induce gap formation. Endogenous thrombin in the tumor microenvironment is critical for mediating potent and rapid endothelial responses. Nevertheless, melanoma cells have to be brought in close apposi- tion of the endothelial junction to exert their effects, as focal loss of VE-cadherin complexes was only seen at the sites of melanoma contact ( Fig. 2A) . It is likely that AJ breakdown requires signaling triggered by threshold concentrations of thrombin. In thrombosis, cell membrane-associated prothrombinase cleaves prothrombin to release active thrombin, which is subject to diffusive and convective transport via intrathrombic permeation (60) . Under physiological flow conditions, the generation and subsequent transport of thrombin from TF-rich sites play important roles in regulating the rate and extent of endothelial activation. Tumor cells may generate local thrombin concentration gradients that are determined by thrombin diffusivity so that its effect on endothelial gap formation is decreased with increasing distance from the tumor cell surface (61) .
An intact endothelial monolayer is maintained by VE-cadherin homophilic adhesion at the endothelial boundary (62) . It has been suggested that thrombin rapidly increases endothelial permeability, inducing redistribution of junctional proteins, including VE-cadherin, p120, and ␤-catenin (17, 21) . A transient and focal disruption of the VE-cadherin complex was observed during leukocyte TEM (63, 64) . This study showed that melanoma cells follow the paradigm of leukocyte TEM, mediating transient and focal reorganization of junctional proteins. This process may be activated by intracellular kinases, such as Src and protein kinase C, which are located downstream of the thrombin/PAR-1 association, to down-regulate endothelial barrier function (34, 36, 47) . Phosphorylation of VE-cadherin on different tyrosine residues by these kinases regulates 
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endothelial permeability and leukocyte TEM in different ways (65) . Previous studies indicated that tyrosine phosphorylation of VE-cadherin is insufficient to promote an increase in endothelial permeability, and that VE-cadherin dephosphorylation is coupled with junction breakdown (18, 34) . In this study, we found that endothelial gap formation is accompanied by VEcadherin phosphorylation at tyrosine residues Tyr-658, Tyr-685, and Tyr-731, suggesting that VE-cadherin phosphorylation at these residues may contribute to focal AJ disruption induced by tumor-derived thrombin. In agreement with this, Tyr-658 and Tyr-731 of VE-cadherin were reported to modulate the affinity of VE-cadherin for ␤-catenin and p120 upon thrombin challenge (19) . Phosphorylation at Tyr-658 and Tyr-731 may displace ␤-catenin and p120 from VE-cadherin and result in VE-cadherin internalization. The endocytosed VE-cadherin is subsequently ubiquitinated, recruited into early endosomes, and targeted for lysosomal degradation (20) . In accordance with this, we found that VE-cadherin is ubiquitinated and sorted into Rab5-positive early endosomes, and disrupting the B-Raf(V600E)/TF/thrombin axis attenuates ubiquitin-coupled VE-cadherin endocytosis. Several studies have suggested that disruption of p120-catenin binding to VE-cadherin can result in cadherin internalization and degradation (43, 66) . p120 dissociation from VE-cadherin leads to loss of VE-cadherin homodimer binding and junction disassembly. The roles of p120 phosphorylation at AJs in melanoma TEM were verified by using a phosphodeficient S879A-p120 mutant that has been shown to prevent an increase in endo-thelial permeability induced by thrombin/PAR-1 association (47) . Overexpression of this construct in endothelium inhibited PFP-mediated melanoma TEM, suggesting the vital function of p120 in melanoma extravasation. It is of interest to identify the upstream kinases regulating VE-cadherin and p120 phosphorylation and the ubiquitin-ligase responsible for VE-cadherin ubiquitination, albeit such questions are beyond the scope of this study. They will be the focus of our future studies.
Vascular endothelial gap formation consists of two inter-related processes as follows: "unzipping" of the VE-cadherin homodimer complex mediated by phosphorylation of VE-cadherin, p120, ␤-catenin, and ␣-catenin; and "pulling" of the endothelial membrane by actomyosin machinery. It has been suggested that tumor adhesion or thrombin stimulation induces endothelial p38 phosphorylation, which promotes myosin light chain phosphorylation-mediated formation of stress fibers, although the activation of ERK by E-selectin initiates the activation of Src kinase and dissociation of the VE-cadherin⅐␤-catenin⅐p120 complex (57) . The loss of the VE-cadherin⅐␤-catenin⅐p120 complex destabilizes actin and leads to actin remodeling and cell retraction (19) . Thrombin may induce endothelial retraction by remodeling the cytoskeleton (67) . In agreement with these observations, we showed that melanoma contact in the presence of plasma induces endothelial stress fiber formation and focal adhesion assembly. Knockdown of B-Raf(V600E) or PAR-1 impairs the ability of melanoma to mediate these phenotype changes. Therefore, the observed gap formation in this study may largely depend on actin remodeling and cell retraction in response to the local release of thrombin from melanoma cells.
Transmigrating leukocytes pass through the endothelial monolayer via both paracellular (through the interendothelial junctions) and transcellular (through endothelial cup structure formation) routes. It has been suggested that like leukocytes, breast cancer cells are able to use both paracellular and transcellular transmigration routes (68) . Here, we showed that PFP-dependent melanoma TEM occurs mainly via the paracellular route. This TEM behavior may be a unique melanoma characteristic, which is controlled by melanoma-derived thrombin signaling. Quantification of gap sizes was used in this study as a means of assessing the effect of melanoma contact on AJ breakdown (69, 70) . Tumor transmigration and associated AJ breakdown are not synchronized events, but happen continuously. The disrupted VE-cadherin complex quickly reseals after tumor passage. Therefore, it is impossible to determine the effect of melanoma on AJ breakdown during real time migration assays. Quantification of gap size after melanoma-endothelium co-culture remains the most suitable approach for this purpose. The observed gaps are highly relevant to melanoma TEM, as it was observed that melanoma cells frequently take nearby de novo-formed gaps for TEM. In addition, focal and transient loss of the VE-cadherin complex is strongly correlated with melanoma transmigration potentials.
In conclusion, our study revealed that melanoma-derived thrombin plays essential roles in regulating endothelial junction integrity and tumor transmigration. In a tumor microenvironment, tumor-bound TF triggers production of thrombin, which upon binding to PAR-1 induces VE-cadherin phosphorylation at Tyr-658, Tyr-685, and Tyr-731 and p120 phosphorylation at Ser-879. These phosphorylation events ultimately result in dissociation of the VE-cadherin⅐p120 complex, loss of VE-cadherin homodimer binding, and VE-cadherin ubiquitination, thereby inducing endothelial gap formation and tumor transmigration. 
